Two alkyl-substituted dual oligothiophenes, quarterthiophene (4T)-trimethylene (tm)-octithiophene (8T) and 4T-tm-4T, were used to fabricate molecular structures on highly oriented pyrolytic graphite and Au(111) surfaces. The resulted structures were investigated by scanning tunneling microscopy. The 4T-tm-8T and 4T-tm-4T molecules self-organize into long-range ordered structures with linear and/or quasi-hexagonal patterns on highly oriented pyrolytic graphite at ambient temperature. Thermal annealing induced a phase transformation from quasi-hexagonal to linear in 4T-tm-8T adlayer. The molecules adsorbed on Au(111) surface in randomly folded and linear conformation. Based on scanning tunneling microscopy results, the structural models for different self-organizations were proposed. Scanning tunneling spectroscopy measurement showed the electronic property of individual molecules in the patterns. These results are significant in understanding the chemistry of molecular structure, including its formation, transformation, and electronic properties. They also help to fabricate oligothiophene assemblies with desired structures for future molecular devices.
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phase transition ͉ self-assembly ͉ molecular structure T hiophene derivatives, including oligothiophene (1-5), cyclothiophene (6) (7) (8) , and polythiophene (9) , are currently receiving considerable attention because of their well defined chemical structures, improved solubilities, and various electronic properties (10, 11) . They are promising materials in electronic and optical devices such as Schottky diodes (12) , organic lightemitting diodes (OLEDs) (13, 14) , field-effect transistors (15) , and organic thin film transistors (11, 16) . For example, the transistors fabricated with thiophene derivatives shows high charge-carrier mobility, high on/off modulation ratio, and long life (15) . By modifying molecular structures with functional groups, alkyl chains and thiophene rings, the emitting color of an OLED can be regulated from blue to red (17) .
The property of a molecular assembly is governed by not only the property of individual molecules but also the spatial arrangement of the molecules in the assembly (10, 18, 19) . Therefore, understanding the molecular arrangement and single molecule's property on substrate surface is very important in fabricating thiophene-based devices. Previous studies have demonstrated that most thiophene molecules can self-organize and form adlayer structures when they adsorb on certain substrates. With fine balance between intermolecular interactions and molecule/ substrate interactions, the molecular structures can be varied, resulting in desirable functionalities (20) .
The direct observation and investigation of molecular nanostructures at solid surfaces is a constant challenge in molecular science. Scanning probe microscopy, in particular, scanning tunneling microscopy (STM), is the most potent tool for studying the molecules adsorbed onto a solid substrate (20) (21) (22) (23) (24) . With recent developments in this field, it is now possible to obtain submolecular-or even atomic-resolution images of selforganized molecular structures, identify device-like characteristics in these structures, and create new structures.
Alkyl-substituted oligothiophenes are important thiophene derivatives with novel properties (10, 11) . Several STM studies have demonstrated the adsorption possibility of several thiophene derivative molecules on various substrates. Stabel and Rabe (10) reported a STM study of ␣,-dihexylsexithiophene on highly oriented pyrolytic graphite (HOPG) surface. Azumi et al. (25) reported several ␣-alkylated quarterthiophenes (4Ts) adsorbed on a molybdenum disulfide (MoS 2 ) surface. The arrangement of molecules in the assembly is influenced by introducing a polarizable halogen group to the conjugated backbone (26) . Müller et al. (27) reported novel substituted dialkylquinquethiophenes on HOPG. They found that the formyl substitutions affect the molecular assemblies. Recently, we (28) reported a STM study of the molecular architectures of alkylsubstituted oligothiophenes on HOPG through hydrogen bonds, in which a series of oligothiophenes with carboxylic groups and different alkyl chains were synthesized and studied. The alkyl chains and carboxylic groups, which were subjected to hydrogenbond interactions, were purposefully attached to different positions of the oligothiophenes. We found that the hydrogen bond played an essential role in the formation of the ordered assemblies. A controlled 2D molecular assembly was fabricated through hydrogen bonds.
In this article, we describe the self-organizations of two alkyl-substituted dual oligothiophenes. The molecules are unsymmetrical 4T-trimethylene (tm)-octithiophene (8T) and symmetrical 4T-tm-4T, where one 4T and one 8T or two 4Ts are linked by a tm. Two hexyl groups are attached to each 4T, and four hexyl groups are attached to each 8T. The chemical structures of the two molecules are shown in Scheme 1. These molecules have well defined chemical structures and may bring promising properties for electronic and optical device (29, 30) . The molecules are deposited onto HOPG and Au(111) surfaces and are investigated by STM. Scanning tunneling spectroscopy (STS) with STM tip to collect local I-V characteristics is used to measure the electronic property of the self-organized structures. Both molecules form adlayers on HOPG and Au(111). The ordering of the adlayers depends on the substrates. Linear and quasi-hexagonal structures of 4T-tm-8T molecules are seen on HOPG surface at ambient temperature. After thermal anneal-ing, a structural transformation is observed in 4T-tm-8T adlayer. These results are significant in fabricating oligothiophene molecular assembly and understanding the mechanism of structural formation and transformation of the assembly, which is of prime importance in future development of functional nanostructures and devices.
Results and Discussion
Self-Organization of 4T-tm-8T. Quasi-hexagonal structure on HOPG.
STM observation shows that 4T-tm-8T form both quasi-hexagonal and linear adlayers. Fig. 1a is a large-scale STM image acquired in the quasi-hexagonal domain. The 4T-tm-8T molecules form a well defined adlayer extending to Ͼ100 nm on HOPG surface. The distinct feature in the image is the bright elliptical rings with dark depressions in the center, forming an adlayer structure in quasi-hexagonal symmetry.
To reveal the structural details of the quasi-hexagonal adlayer, high-resolution STM images are acquired. Fig. 1b is a typical high-resolution STM image expanded from Fig. 1a . The adlayer is extended in direction A and B. The distance between neighboring dark depressions along direction A is a ϭ 4.3 Ϯ 0.2 nm, and along direction B is b ϭ 3.5 Ϯ 0.2 nm. The angle between direction A and B is ␣ ϭ 58 Ϯ 2°. A unit cell for the adlayer is outlined in Fig. 1b . The distance between two bright strands in two neighbor elliptical unit is d ϭ 1.3 Ϯ 0.2 nm, consistent with a previous report on oligo(hexylthiophene)s (31) .
Close examination of the STM images shows that each elliptical ring has two long parts and two short parts. The length of the short part is L1 ϭ 1.7 Ϯ 0.2 nm and the long part is L2 ϭ 3.3 Ϯ 0.2 nm, which agrees very well with the lengths of 4T and 8T in a 4T-tm-8T molecule, respectively. Based on these findings we propose that each elliptical ring is composed of two 4T-tm-8T molecules, which bend and pair with each other to form the special ring morphology as schematically illustrated in Fig. 1b . During the STM experiments, we occasionally observed STM images (Fig. 1b Inset) . There are half-elliptical rings indicated by two arrows in Fig. 1b . Each half-elliptical ring corresponds to an unpaired 4T-tm-8T molecule, which bends and looks like half of the elliptical ring. The presence of such half-elliptical rings is a direct evidence for our notion that each elliptical ring is composed of two 4T-tm-8T molecules.
A structural model for the quasi-hexagonal adlayer is shown in Fig. 1c . Two 4T-tm-8T molecules fold into a ''bracket,'' which appears in the bright elliptical ring with a depression. The short and long parts in each elliptical ring correspond to the 4T and 8T parts of a 4T-tm-8T molecule. In this model, the molecules take an anti conformation to reduce the steric hindrance, which implies that all alkyl chains align alternatively along opposite sides of the conjugated oligothiophene backbones. Linear structure on HOPG. Fig. 2a is a large-scale STM image showing linear molecular rows. Fig. 2b is a high-resolution STM image from the linear adlayer. The adlayer is composed of short strands. The length of each strand is L ϭ 5.6 Ϯ 0.2 nm, close to the length of a 4T-tm-8T molecule along its thiophene backbone. Because of the flexibility of the oligothiophene molecule, the strands are in a twisted configuration rather than a straight line. Careful observation found that each strand is composed of two substrands (marked by two black lines in Fig. 2b ). The space between the two substrands is indicated by an arrow in Fig. 2b . Each substrand corresponds to a 4T-tm-8T molecule. In the linear adlayer, the molecular rows are extending in A and B directions. The angle between A and B directions is ␣ ϭ 79 Ϯ 2°. In direction A, the molecules link with each other and form molecular lines with a repeating period of a ϭ 5.9 Ϯ 0.2 nm; whereas in direction B, the intermolecular distance is b ϭ 2.1 Ϯ 0.2 nm. A unit cell for the adlayer is deduced from the STM images. The molecular model and unit cell are illustrated in Fig. 2b . By theoretical calculation, STM imaging, and x-ray analysis of 3D bulk oligothiophene materials, Mena-Osteritz (32) identified various possible conformations of oligothiophenes on HOPG surface. Extended arrays and chain foldings were found. For example, poly(3-dodecylthiophene) formed straight and folded structure with both anti and syn conformation, which demonstrated the flexibility and conformational diversity of the oligothiophenes. In this study, the arrangement of the oligothiophene moieties is expected to be in anti conformation from STM image features and the previous theoretical calculation. All alkyl chains would be perpendicular to their conjugated backbones and interdigitate alkyl chains on the neighboring strands. However, the possibility that some alkyl chains may extend out of the HOPG surface cannot be excluded. Such a conformation may also reduce the steric hindrance in adlayer. Further study to determine the exact conformation of the alkyl chains is required.
A structural model for the linear adlayer is illustrated in Fig.  2c . In this model, two 4T-tm-8T molecules pair with each other in a strand. For clearer illustration, only one pair of molecules surrounded by an ellipse is drawn with all alkyl chains. Other 4T-tm-8T molecular models in Fig. 2 b and c are shown with only half of the side alkyl chains; a pair of black lines is used to represent a strand consisting of two molecules, and an arrow indicates the space between two molecules. Structural transformation. On the HOPG surface, two adlayer domains with linear or quasi-hexagonal structures can be observed simultaneously as shown in Figs. 1 and 2 , which indicate two relatively stable conformations of the self-organized structures. It is well known that self-organized structures will transform into a more stable structure with increasing temperature. For a molecular device, understanding the structural transformation and temperature effect on the adlayer structure is very important in terms of device stability and efficiency (33, 34) . After investigating the adlayer structures in the quasi-hexagonal and linear regions, we annealed the sample to investigate the structural transformation. Fig. 3 is a typical STM image after the sample was annealed at 100°C for 30 min. Fig. 3 shows that only linear domain can still be seen after annealing, and the domain size is substantially decreased. Quasi-hexagonal domains completely disappear. Another feature in the STM image is the disordered domain, which dominates the image. The results demonstrate a structural transformation from quasi-hexagonal to linear arrangement and finally disordered structure after annealing. In the linear assembly, the conjugated oligothiophene backbones will be extended upon heating, which would decrease the steric hindrance and result in a more stable adlayer. Self-organization of 4T-tm-8T on Au(111). Substrates can influence the adlayer structures by different molecule/substrate interactions (21) . For a comparison, we prepared an assembly with 4T-tm-8T molecules on Au(111) surface. Fig. 4 shows a typical STM image of the adlayer. The molecules adsorb on Au(111) surface without long-range ordering, showing the substrate effect on adlayer structures.
In Fig. 4 the molecules appear in bright strands with linear and bent conformation in their conjugated oligothiophene backbones. In Fig. 4 two straight lines marked A indicate two linear strands, and two U-shape strands marked B indicate bent molecules. In a linear conformation, the 4T-tm-8T molecule is expected to adsorb on Au(111) with its thiophene rings parallel to the surface, taking the most energetically favorable geometry. When 4T-tm-8T molecules bend on the surface, some thiophene rings are forced to rotate. The same hairpin folding of molecular backbone is also reported in a study of poly(3-hexylthiophene) and poly(3-dodecylthiophene) adlayers on the HOPG surface (31, 32). The energy necessary to rotate one of the thiophenes from an anti into a syn conformation is, depending on the substituent on the ␤-position, Ϸ12-20 kJ/mol (31) . Therefore, the 4T-tm-8T molecules can take both linear and folded arrangement on the Au(111) surface.
Self-Organization of 4T-tm-4T. 4T-tm-4T on HOPG.
Compared with 4T-tm-8T molecules, 4T-tm-4T molecules show higher symmetry in its chemical structure. To understand the effect of molecular structure on the self-organized molecular structures, we prepared 4T-tm-4T adlayer on HOPG. Fig. 5a is a typical large-scale STM image recorded on a 4T-tm-4T adlayer on HOPG. The molecules self-organize into long-range ordering with regular molecular rows. The molecular rows extend along directions A and B. The angle between A and B is 84 Ϯ 2°. In direction A, the molecular rows appear in wave-like configuration. Fig. 5b is a high-resolution STM image of the 4T-tm-4T adlayer, indicating that each strand consists of a pair of substrands. The space between the two substrands is indicated by an arrow. The distance between the centers of two substrands in a pair is d1 ϭ 0.6 Ϯ 0.2 nm. Careful observation reveals that each substrand corresponds to a 4T-tm-4T molecule. Because of the molecular flexibility, the molecules adsorb on the HOPG surface in a sinuous line, resulting in a wave-like appearance. L1 and L2 have equal lengths of 1.7 Ϯ 0.2 nm, consistent with the length of the 4T part in 4T-tm-4T. The distance between neighboring strands is d2 ϭ 2.0 Ϯ 0.2 nm. A unit cell for the adlayer is outlined in Fig. 5b with a ϭ 4.1 Ϯ 0.2 nm, b ϭ 4.0 Ϯ 0.2 nm, and ␣ ϭ 84 Ϯ 2°.
A structural model for the molecular adlayer is proposed in Fig. 5c . Two 4T-tm-4T molecules form a strand. Note in the model that the molecules are proposed to be in a syn conformation. In the syn conformation, alkyl chains between neighboring molecules interdigitate each other, resulting in a stable adlayer. The other structural feature in the model is the position displacement of two molecules in a strand as shown in Fig. 5c , which depicts the molecular models of the structure. With the position displacement the alkyl chains in neighboring strands can well interdigitate and decrease the steric hindrance.
Although most of the adlayer appears in the structure as Fig.  5a shows, very occasionally, we observed another molecular domain as shown in Fig. 6 . Fig. 6a is a large-scale STM image of the domain. Although several molecular defects (circled in Fig.  6a ) can be seen in this image, molecules form a well defined adlayer. The adlayer appears in a lamella structure extending in directions A and B.
More structural information is obtained in a high-resolution STM image in Fig. 6b . The adlayer is composed of straight short ''sticks'' with a small black gap in the center of each stick. The gap divides a stick into two parts. The size of these two parts is measured to be L1 ϭ 1.7 Ϯ 0.2 nm and L2 ϭ 1.7 Ϯ 0.2 nm, close to the size of the 4T. The length of a stick is 3.8 Ϯ 0.2 nm, consistent with the size of a 4T-tm-4T. Therefore, each stick represents a 4T-tm-4T molecule. The center black gap in a molecule is attributed to the tm, which has low electron density. A molecular model is illustrated in Fig. 6b . The intermolecular distance along direction A is a ϭ 2.9 Ϯ 0.2 nm, and along direction B is b ϭ 6.0 Ϯ 0.2 nm. The angle between A and B directions is ␣ ϭ 73 Ϯ 2°. From the molecular arrangement, a unit cell is deduced and outlined in Fig. 6b with a ϭ 2.9 Ϯ 0.2 nm, b ϭ 6.0 Ϯ 0.2 nm, and ␣ ϭ 73 Ϯ 2°. It is interesting that there is a displacement in the neighboring molecular rows along direction B. The displacement is d ϭ 1.2 Ϯ 0.2 nm.
A structural model for the 4T-tm-4T adlayer is proposed in Fig. 6c . The molecules adsorb on the HOPG surface in a parallel orientation, and all alkyl chains align alternatively along the opposite side of the conjugated oligothiophene backbones. The alkyl chains at two ends of molecules interdigitate and cause a displacement of 1.2 nm, consistent with the measurement in Fig.  6b . On the other hand, the results in Fig. 6 show the difference in appearance of a 4T-tm-4T molecule on the HOPG surface in its syn and anti conformations. In an anti conformation, the molecule appears in a straight short stick, whereas a distorted strand is formed from syn conformation. 4T-tm-4T on Au(111). The adsorption of 4T-tm-4T molecules is also investigated on an Au(111) surface. Fig. 7 is an STM image of the adlayer of 4T-tm-4T on Au(111). Similar to 4T-tm-8T, a random adsorption is observed in the image. Linear and folded conformation of the molecules can be seen, as indicated by A and B, respectively. The results once again demonstrate the effect of the substrate on the molecular adlayer formation (21, 35) . Understanding the intermolecular interaction and molecule/ substrate is very important in fabricating devices by alkylsubstituted oligothiophene molecules. The interaction between molecule and substrate on HOPG is usually weaker than that on an Au surface. On a HOPG surface, the molecules have higher mobility and can easily self-organize into ordered structure. However, on an Au(111) surface, the stronger molecule/ substrate interaction will decrease the mobility of the adsorbate and cause a random adsorption.
STS Results and Discussion. To probe the electronic properties of 4T-tm-8T and 4T-tm-4T molecules on HOPG under ambient condition, we performed STS measurements of the adlayers. For comparison, dI/dV-V curve on bare graphite was also measured. As shown in Fig. 8a , the curve has a characteristic parabola shape, and no apparent energy gap is found because of high conductivity of the graphite. Fig. 8b shows the typical dI/dV-V curves from the adlayers of 4T-tm-8T and 4T-tm-4T. The dI/dV-V curve reflects the density states of adsorbates. When applying an appropriate bias on substrate, the Fermi energy of the substrate will resonate with certain molecular orbits of adsorbate molecules, either highest occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO), and induce sharp change in the dI/dV-V curve. The edge defined by the cross-point of the tangents of the platform and uplift part of the curve represents the energy states of HOMO and LUMO of the adsorbate molecules (34) . Thus experimentally the energy gap between HOMO and LUMO is measured as the separation between these two edges.
The histograms in Fig. 8 c and d show the statistic distributions of the edges of HOMO and LUMO measured from a large number of spectra from 4T-tm-8T and 4T-tm-4T adlayers. The experimental energy gap is given by Gaussian simulation. The statistic results reveal that the left and right edge for 4T-tm-8T are at Ϫ1.05 Ϯ 0.2 eV and 1.12 Ϯ 0.2 eV, respectively, and for 4T-tm-4T the left and right edge are at Ϫ1.40 Ϯ 0.2 eV and 1.44 Ϯ 0.2 eV, respectively. The results show that the centers of energy gaps in both 4T-tm-8T and 4T-tm-4T are slightly shifted to positive regions, consistent with the previous report that oligothiophene is a p-type material in air (7) . The experimental energy gap is 2.17 Ϯ 0.4 eV for 4T-tm-8T and 2.84 Ϯ 0.4 eV for 4T-tm-4T. Theoretical simulation (Material Studio 3.1; density functional theory) shows that both HOMO and LUMO of 4T-tm-8T are located mainly on the 8T part; whereas for 4T-tm-4T, the HOMO is located on one 4T part and the LUMO is located on the other 4T part. For comparison, previous research (36) found that the energy gap for 8T and 4T is Ϸ2.41 eV and 3.13 eV, respectively. STM results in the present study indicate that alkyl-substituted oligothiophenes molecules still preserve their electronic properties in the ordered molecular adlayer on the HOPG surface. This result is very significant in designing molecular devices.
In summary, the self-assemblies and properties of two dual oligothiophenes, 4T-tm-8T and 4T-tm-4T, were investigated on HOPG and Au(111) surfaces by STM and STS. On HOPG, both 4T-tm-8T and 4T-tm-4T form highly ordered adlayers. For 4T-tm-8T, linear and quasi-hexagonal adlayers are observed. After annealing, only linear adlayer is seen. For 4T-tm-4T, wave-like adlayer dominates, and the lamella structure of 4T-tm-4T is very occasionally observed. In contrast, random adsorption of the two molecules is seen on the Au(111) surface, demonstrating the substrate effect on the self-organization of molecules. STS experiment reveals characteristics of p-type semiconductor for 4T-tm-8T and 4T-tm-4T adlayers, with energy gaps of 2.2 eV and 2.8 eV, respectively. These results can help fabricate oligothiophene assembly through a bottom-up strategy and are important in understanding the effect of molecule/ molecule and molecule/substrate interactions on the selforganized molecular structure's formation and transformation.
Materials and Methods
Chemicals. 4T-tm-8T and 4T-tm-4T were prepared as described (29) . Toluene (analytic grade) was from the Beijing Shunyi Chemical Factory (Beijing, People's Republic of China).
Substrates. HOPG (quality ZYB) was from Digital Instruments (Santa Barbara, CA). Au singe-crystal beads with (111) faces exposed were prepared by melting an Au wire (99.999%) (37, 38) . These two substrates were used for molecule assembling and STM experiments. Before molecular adlayer formation, the Au(111) surface was quenched in a hydrogen-saturated ultrapure water (Milli-Q; Ն18.2 M⍀; Millipore, Billerica, MA) to obtain a clean substrate surface.
Molecular Adlayers and STM Measurements. On HOPG surface, the adlayer was prepared by depositing a drop (Ϸ2 l) of toluene solution containing Ϸ10 Ϫ5 M 4T-tm-8T or 4T-tm-4T onto freshly cleaved HOPG with an atomically flat surface (35) . After evaporation of the solvent, the STM experiments were carried out in atmosphere with a Nanoscope IIIa scanning probe microscope (Digital Instruments). STM tips were made from mechanically cut Pt/Ir wire (90/10). On the Au(111) surface, the molecular adlayers were prepared by immersing the single- crystal Au bead into the above-mentioned solution containing the sample molecules for 3-5 min (35, 39) . After formation of the molecular adlayer, the Au bead was thoroughly rinsed with Milli-Q water to remove the remnant molecules and mounted into the STM electrochemical cell. The STM experiments were carried out with a Nanoscope E scanning tunneling microscope (Digital Instruments) in HClO 4 solution prepared by diluting ultrapure HClO 4 (Cica-Merck, Kanto Kagaku, Japan) with Milli-Q water, under potential control at double layer potential region. The typical potentials used in this experiment were between 510 and 550 mV. All potentials are reported with respect to the reversible hydrogen electrode in 0.1 M HClO 4 . The tunneling tips were prepared by electrochemically etching a tungsten wire (0.25 mm in diameter) in 0.6 M KOH and an ac voltage of 12-15 V. Then the tungsten tips were coated with a clear nail polish to minimize the faradic current. All of the STM images were obtained in the constant-current mode and without further processing such as high pass or filtering treatment. The tunneling conditions used in the experiments are given in the figure legends.
STS experiments were performed by applying a modulation (peak-to-peak 0.02 V to 0.03 V) to the bias voltage. A lock-in amplifier was used to collect the dI/dV-V signals. The feedback of the STM control was turned off during STS measurements.
